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Atomistic simulations using a combination of classical force field and density-functional theory (DFT)
show that carbon atoms remain essentially sp? coordinated in either bent tubes or tubes pushed by
an atomically sharp atomic-force microscope (AFM) tip. Subsequent Green’s-function-based transport
calculations reveal that for armchair tubes there is no significant drop in conductance, while for zigzag
tubes the conductance can drop by several orders of magnitude in AFM-pushed tubes. The effect can be
attributed to simple stretching of the tube under tip deformation, which opens up an energy gap at the

Fermi surface.
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Tremendous potential for technological applications
has thrust carbon nanotubes into one of the hottest areas of
research activity. This has been fueled by recent experi-
mental breakthroughs in diverse application areas [1],
ranging from flat panel displays, to novel microelectronic
devices, to hydrogen storage devices, to structural reinforc-
ing agents, to chemical and electromechanical sensors. A
pioneering experiment in the last application area involved
a metallic nanotube suspended over a 600 nm long trench
[2]. When the middle part of such a suspended nanotube
was pushed with the tip of an atomic force microscope
(AFM), the conductivity was found to decrease by nearly
2 orders of magnitude for a deformation angle of 15°. The
effect was found to be completely reversible, i.e., through
repeated cycles of AFM deformation and tip removal, the
electrical conductance displayed a cyclical variation with
constant amplitude.

The drop in conductance in the AFM-deformed tube was
much higher than the computationally predicted values for
tubes bent under mechanical duress. Such calculations, us-
ing both tight-binding [3] and semi-empirical Extended-
Hiickel type approaches [4] concluded that even under large
bending angles the reduction in electrical conductance was
less than an order of magnitude. For AFM-deformed nano-
tubes, in contrast, O(N) tight-binding calculations [5] show
that beyond a critical deformation several C atoms close to
the AFM tip become sp> coordinated. The sp? coordina-
tion ties up delocalized 7 electrons into localized o states.
This would naturally explain the large drop in electrical
conductivity, as verified by explicit transport calculations.

Under either bending or pushing by an atomically sharp
AFM tip, bond reconstruction, if any, is likely to occur
only in the highly deformed, nonstraight part of the tube
in the middle. This prompted us to use a DFT-based quan-
tum mechanical description of the middle part of the tube
(~100 atoms), while the long and essentially straight part
away from the middle was described accurately using the
universal force field (UFF) [6,7]. Structures and energetics
obtained this way for bent tubes were in good agreement
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with previous work using an interatomic potential [8]. For
the AFM tip-deformed tubes, on the other hand, the situ-
ation depended on how the tip was represented. Thus,
if the presence of the tip was simulated by constraining
a single C atom on the bottom side of the middle part of
the tube, simulations on a (5, 5) armchair led to the devel-
opment of sp? coordination between the constrained atom
and an atom on the top side at a critical deformation an-
gle of ~7°, which destabilized into a complex broken-bond
defect at higher deformation angles [9]. On the other hand,
a more realistic representation of the AFM tip by means
of an atomically sharp 15-atom Li needle yielded an sp?-
coordinated all-hexagonal tube for deformation angles as
high as 25° for the same (5, 5) tube [10]. A large drop in
conductance is expected under sp> coordination and bro-
ken bond defects [5,9]. However, given the uncertainty of
sp?> coordination, can one still expect a significant conduc-
tance drop in a tip-deformed, yet sp®-coordinated tube?

In this Letter, we address the above question by extend-
ing the combined DFT-UFF calculations to a (12, 0) metal-
lic zigzag tube. For comparison, we have also considered a
(6, 6) armchair tube, which is slightly smaller in diameter,
but has the same number of atoms (12) along the tube cir-
cumference as the (12, 0) zigzag. The main result of struc-
tural relaxation using DFT-UFF is that sp? coordination
does not happen under either bending or tip deformation
(using an atomically sharp 15-atom Li tip as in Ref. [10])
up to very large angles. Following structural relaxation
at each bending and deformation angle, we compute the
electronic density of states (DOS), transmission, and con-
ductance using the recursive Green’s function method [11].
For the armchair tube, the resulting conductance is lowered
only by a factor of 1.01 for the tube bent by 40° and a fac-
tor of 1.05 for a tube tip deformed by 25°. Under the same
deformations, drop in conductance, for the zigzag tube, is
much higher, being a factor of 1.9 under bending, and a
remarkable 1.7 X 10* under tip deformation.

The simulations were carried out on tubes of 2400 atoms,
both for the (6,6) and (12,0) tubes. Initially the straight
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tube was relaxed with the UFF. For bending simulations,
two halves of the tube were then rotated by equal and
opposite angles about an axis perpendicular to the tube and
passing through the center of mass of the initial straight
tube. At each end of the tube, a contact region defined by
a unit cell [12] plus one atomic ring (a total of 36 and 60
atoms for the armchair and the zigzag tube, respectively)
was then fixed and the whole tube relaxed with the UFF. To
simulate AFM tip deformation, the 15-atom Li needle was
initially aimed at the center of a hexagon on the bottom
side of the middle part of tube. The Li needle was then
displaced by an amount 6 toward the tube along the needle-
axis, resulting in a deformation angle 6 = tan!(28/L),
L being the unstretched length of the tube. The whole
tube was then relaxed by UFF keeping the needle atoms
and the end contact regions of the tube fixed. Fixing the
relative positions of contact region atoms at the same value
as in an unstretched tube guarantees that contacts may be
approximated by ideal undeformed semi-infinite carbon
nanotube leads and that all possible contact modes are
coupled to the deformed part of the tube.

Following the UFF relaxation, a cluster of 132 C atoms
for the (6,6) and a cluster of 144 C atoms for the (12,0)
were cut out from the middle of the tubes. These clusters,
referred to below as the QM clusters (plus the 15 Li-tip
atoms in tip-deformation simulations) were further relaxed
with Accelrys’ DFT-code DMol? [13], with the end atoms
of the cluster plus the Li-tip atoms fixed at their respec-
tive classical positions. The electronic wave functions in
DMol® were expanded in a double-numeric polarized
(DNP) basis set with a real-space cutoff of 4.0 A. The
Hamiltonian was approximated with the Harris functional
[14] using a local exchange-correlation potential [15], and
the “medium” grid was chosen for numerical integration.

Figure 1 displays the tip-deformed QM cluster for the
(6,6) and the (12, 0) tubes at the highest deformation angle
of 25° considered in these simulations. Even under such
large deformations, there is no indication of sp3 bonding
[16], similar to what was observed for the (5, 5) tube in
Ref. [10]. Although not explicitly shown here, results for
bending also yield sp?-coordinated all-hexagonal tubes.
The absence of sp? coordination is inferred based on an
analysis of nearest neighbor distances of the atoms with
the highest displacements, i.e., the ones on the top of the
kink in a bent tube, and the ones closest to the Li tip in a
tip-deformed tube. Although for each of these atoms the
three nearest neighbor C-C bonds are stretched to between
1.45-1.75 A, the distance of the fourth neighbor; required
to induce sp> coordination is greater than 2.2 A for all
tubes in our simulations. The main difference between
a tip-deformed tube versus a bent tube is that there is an
overall stretching in the former [17], whereas in the latter
case there is no net stretching, and the extra compressive
strain on the bottom side is relieved through the formation
of a kink beyond a critical bending angle.

Following atomic relaxation of the structures, we per-
formed conductance calculations in order to make further
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FIG. 1. DMol’-relaxed Li-tip-deformed QM clusters for (a) the
(6, 6) armchair (132 C atoms); and (b) the (12, 0) zigzag (144 C
atoms), in side views. The deformation angle is 25° for both
tubes. (c) and (d) are respective views along the tube length,
with the Li-tip hidden for clarity.

predictions on the electromechanical behavior of nano-
tubes. A coherent conductance was studied within a
nearest-neighbor sp? tight-binding Hamiltonian in a non-
orthogonal basis. The parametrization scheme explicitly
accounts for effects of strain in the system through a bond-
length-dependence of the Hamiltonian and the overlap
matrices H;; and §;;, as in Ref. [18]. We have also
checked to confirm that other tight-binding parametriza-
tions give qualitatively the same results [19,20]. First, the
retarded Green’s function G® of the whole nanotube was
determined by solving the following equation:

(E - Sij — Hij — f,ij - g,ij)GR’jk = 5{(’ (1)

where Ef,R are the retarded self-energies of the left and
the right semi-infinite contacts. The transmission and the
electronic density of states (DOS) at each energy were then
found [21,22] from the equations

T(E) = G*T ;3 G Tg i, (2)

Na(E) = = ImfS,G*), 3)

where Iz = i(SF g — EQ,R) are the couplings to the left
and right leads. Finally, the total conductance of the tube
was computed using the Landauer-Biittiker formula:

202 [

G=" T(E)<—a—fo>dE, “)

oE

where f(E) is the Fermi-Dirac function.
Figure 2 displays the computed conductance (at 7 =
300 K) for the (6,6) and the (12,0) tubes as a function
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FIG. 2. Computed conductance (at T = 300 K) for the (6, 6)
and (12, 0) nanotubes as a function of (top) bending; and (bot-
tom) tip deformation. Under 40° bending conductance of the
zigzag tube drops by a factor of 1.9, while for the armchair tube
it drops by only 1.01. Under 25° tip-deformation, conductance
of the zigzag tube drops by 4 orders of magnitude, while for the
armchair tube it drops only by a factor of 1.05.

of bending and tip-deformation angles. The conductance
remains essentially constant for the (6,6) tube in either
bending or tip-deformation simulations. However, for the
(12, 0) tube the conductance drops by a factor of 1.9 under
bending at § = 40°, and much more significantly under
tip deformation: by ~0.3 at 15°, 2 orders of magnitude at
20°, and 4 orders of magnitude at § = 25° [23].

To analyze which part of the zigzag tube is responsible
for the conductance drop, we computed the DOS in the
vicinity of the Fermi surface. Figure 3 displays the DOS
averaged over 2 unit cells [11] (96 atoms) in three different
regions of the AFM-deformed (12,0) tube for 6§ = 25°:
(1) undeformed contact, (2) highly deformed tip region,
and (3) the uniformly stretched straight regions on either
side of the tip-deformed region. DOS in both tip region and
the straight part show a band-gap opening, which proves
that the conductance drop occurs everywhere in the tube,
rather than in the tip-deformed region alone. This has im-
portant implications for the application of nanotubes as
electromechanical sensors: given a metallic zigzag nano-
tube, one could induce a significant conductance drop sim-
ply upon uniform stretching. To check this, we computed
the conductance of a uniformly stretched (12, 0) tube as a
function of strain, shown in Fig. 4, and compared it to that
of AFM-deformed tube from Fig. 2. Both cases show quan-
titatively the same drastic decay of conductance. The inset
of Fig. 4 also shows a band gap opening in transmission in
the two cases [24], compared to that of a nondeformed tube.

In order to explain the differences in conductance of the
(6,6) and the (12,0) tubes as a function of strain, we have
analyzed the band structures of a metallic zigzag and an
armchair nanotube. Starting from the band structure of the
2D graphene [25] under deformation [26], one can derive
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FIG. 3. Density of states, averaged over two unit cells (96 at-

oms) in three different regions of AFM-deformed (12,0) tube
at § = 25°. The Fermi surface is at E = 0. Nearly equal band
gaps open up in the straight part of the tube and in the tip region.
Lower DOS in the tip region is due to a larger local straining of
C-C bonds close to the AFM tip.

the following dispersion relations for the crossing sub-
bands within the 7-electron approximation (a’ below is the
strained periodic repeat length along the nanotube axis):

I\N1/2
V3ka )} (52)

Ek) = il‘z{l + a? - 2« c0s< >

for a metallic zigzag tube, and

/

1 — 2« cos<ki> ’ (5b)

E(k) ==*1n )

for an armchair tube. Here, a = t{/t, is the ratio of
nonequivalent hopping parameters. For a zigzag tube,
a > 1. Consequently, there is no value of ka’ for which
E(k) = 0 [for dispersion (5a)], and a band gap opens up.
However, for an armchair tube, @« < 1 and one can always
find a value of ka’, such that E(k) = 0 [for dispersion
(5b)], as long as @ > 1/2. The magnitude of the strain-
induced bandgap decreases monotonically with increase in
chiral angle [26], being maximum for a chiral angle of 0°
(zigzag) and gradually reducing to zero at a chiral angle of
30° (armchair). An experiment as in Ref. [2] is, thus, ex-
pected to show a decrease in conductance as the nanotube
is deformed with an AFM tip, for all nanotubes except
the armchair tube. The decrease in conductance should be
the largest for the metallic zigzag nanotubes, and smaller
for nanotubes with a chiral angle closer to armchair.

In summary, we find that both under bending and un-
der deformation with an atomically sharp AFM tip, car-
bon nanotubes essentially remain all hexagonal and sp?
coordinated. In the absence of sp? coordination, arm-
chair tubes remain significantly conducting even at large
deformations. However, metallic zigzag tubes display a
dramatic drop in conductance, particularly under tip de-
formation. A density of states analysis indicates that the
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FIG. 4. Conductance of the uniformly stretched (12,0) tube
compared to that of the tip-deformation case in Fig. 2. Actual
angles of tip deformation are indicated. The % strain for the
AFM-deformed tube is computed from the average C-C bond-
stretch in the middle of the straight portion of the tube [17].
The inset shows transmission in the vicinity of the Fermi surface
(E = 0) for a uniform strain of 10% and a tip-deformation angle
of 25°, as compared to the undeformed tube.

conductance drop is distributed over the whole tube, rather
than focused in the tip region. This suggests the possibil-
ity of designing nanoelectromechanical sensors in which
nanotubes are subjected to a uniform tensile strain.
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